A new ultrasonic testing technique and a new test system using a transducer array have been developed. The test system works as follows:
Introduction
Industrial products such as metallic materials are often inspected using ultrasonic waves to ensure that there are no harmful defects in them. Typical internal flaws in steel products are nonmetallic inclusions such as aluminum oxide and calcium oxide. Many products made of steel are manufactured by applying large plastic deformation to steel materials. As nonmetallic inclusions tend to be the origin of cracks during plastic deformation, it is necessary to eliminate the inclusions to the best of our ability. [1] [2] [3] In view of this situation, we have developed various techniques for the detection of internal flaws. [4] [5] [6] [7] In recent years, changes in industrial standards such as reduced thickness of metallic materials for lighter weight, modifications to manufacturing processes as environmental measures, and improved internal quality for longer product life, have made it necessary to evaluate ultra-minute internal defects of about 20 mm in diameter throughout the length and cross section of a metallic material product. To establish technical measures to eliminate such small internal flaws, it is necessary to inspect sampled products very quickly.
The techniques employed for detecting internal defects are based on electronically scanned ultrasonic beams to achieve high-speed inspection. One of these techniques, the commonly used linear electronic scanning, [8] [9] [10] [11] [12] is described with reference to Fig. 1 . Figure 1 is a diagram showing the setup for conventional linear electronic scanning. As shown in the figure, the transducer array has 96 ultrasonic transducer elements (hereinafter simply referred to as elements) arrayed at regular intervals and assigned with element numbers 1 to 96. Some of these elements are driven as a group so as to fix the focal point in a preset position. In the example shown, the number of elements used as a group is 24. The phased array instrument handles the transmitting and receiving of the ultrasonic beams.
Here, the transmitting and receiving of ultrasonic focused beams using the transducer array is described. First, elements 1 to 24 are driven as a group so that a transmitting and receiving ultrasonic beam B 1 with a focal point (also called focus) is formed on the center line of elements 1 to 24. Next, elements 2 to 25 are driven as a group so that a transmitting and receiving ultrasonic beam B 2 with a focal point is formed on the center line of elements 2 to 25. Similarly, elements to be driven are shifted by one element. Finally, elements 73 to 96 are driven so that a transmitting and receiving ultrasonic beam B 73 is formed. In this operation, a test object is electronically scanned by ultrasonic beam at intervals equal to the element arrangement interval. The control necessary for transmitting and receiving of the above-described focused ultrasonic beams and for electronic scanning is achieved through the use of the phased array instrument connected to the transducer array. Focusing of transmitted ultrasonic beams is made possible by changing the timing of the electric pulse applied to each element to transmit ultrasonic waves in the group of elements. Focusing of receiving beams can be achieved by delaying the signals received by the group of   1  96  2 3 4 5  23 24 25 26  95  94  93  92  74  73  72  71  70  50  49  48  47 elements, element by element, by a specific time, and then adding them. In order to detect the small internal flaws without any oversights, the measuring pitch in the test must be below 0.1 mm. The repetition of electronic switching in the abovedescribed linear electronic scanning is about 40 kHz at maximum. Then, even in a typical case, it takes over 1 ms to complete one entire scan. Therefore, in order to test the object without any oversights, the scan speed of the transducer array in the transverse direction to its arrangement must be below 100 mm/s.
Moreover, in order to inspect throughout the test object, it is necessary to change the focal position along the depth direction of the test object. Completing this test takes much longer than completing one entire scan mentioned above.
For the purpose of shortening the lengthy test time accompanying the change in focal position, the Dynamic Depth Focusing (DDF) technique 13, 14) has been used. In this technique, a single focal law is applied at transmission, but multiple subsequent delay laws are applied on reception (multiple receiving beam focal points), forming a long and thin pulse-echo focal spot. However, there remains the unavoidable time consumption due to the linear electronic scanning process.
Recently, a new ''Volume Focusing'' method was proposed. 15, 16) The technique proposes speeding up the crosssectional inspection of a test object. Volume Focusing consists of firing all elements of the transducer array, collecting each individual signal from the elements of the transducer array, and mathematically processing all signals combined together. With a linear array, as only one transmitted pulse irradiates through the cross section, it is possible by calculation to form the receiving beams that inspect this cross section. The calculation is reportedly done in real time in the electronics.
However, in forming many receiving beams with their focal points set throughout the cross section by using all the received signal data stored in the waveform memory, it is necessary to sequentially shift the focal depth. This process is time consuming. For example, a cross-sectional inspection ends in 1 ms. Even by using this technique, the scan speed of the transducer array in the transverse direction to its arrangement is 100 mm/s at most. This paper proposes a new ultrasonic array method for testing an object efficiently in order to dramatically increase the volume being tested for a given time.
Flaw Detection Method

Receiving beam
Before starting the explanation of our developed new method, a concept of a receiving beam is shown here. Referring again to Fig. 1 , each of ultrasonic beams Bi (i ¼ 1; 2; . . . ; 73) is consists of a physical transmitting beam and a virtual receiving beam. The virtual receiving beam cannot be recognized in the testing using a single element probe. In the testing using ultrasonic phased array, however, the existence of the receiving beam can be recognized because of the focal law that is used in synthesizing the received signal and forming the receiving beam can be made independently of forming the transmitting beam. The receiving beam, however, does not exist physically. It is only possible that the ultrasound signal is received by using the receiving beam. Figure 2 shows an example of forming the receiving beam whose focal length is different from that of the transmitting beam. By setting different time-delay values between the focal law applied to forming the transmitting beam and that applied to forming the receiving beam, the focal length of the receiving beam can be varied independently from that of the transmitting beam. The dynamic depth focusing (DDF) technique 13, 14) mentioned above utilizes the separation of the ultrasonic beam into the transmitting beam and the receiving beam. The volume focusing technique 15, 16) also utilizes the separation, although focused transmitting beams are not used in the technique.
Single receiving needle beam formation
In the following description, for the sake of simplicity, testing is assumed to be performed in a single medium. In a case with two kinds of media such as in immersion flaw detection of a metallic material, it goes without saying that the refraction of ultrasonic waves is considered in the calculation of distance. Figure 3 shows the fundamentals of forming multiple receiving beam focal points as the relative technique to our developed new method. In the example, eleven receiving beam focal points (designated by arrows within the distance range of F RS to F RE from the transducer array) are to be discretely formed in water using 24 consecutive elements along the direction perpendicular to the transducer array. Receiving beam focal points are formed in water using consecutive elements from i À 12 to i þ 11. As the receiving beam focal points are set under the intermediate point between i À 1 and i, the elements nearest to the focal points are i À 1 and i. The diagram in the upper part of Fig. 3 shows the travel time T of ultrasound from each focal point to each element in the transducer array. As shown in the figure, the travel time T increases according to the distance from the element other than element i À 1 and element i and element i À 1 or element i, whereas the increment in travel time becomes smaller as the focal point moves away from the transducer array. Figure 4 shows the calculated delay time applied to the signals received by each element for forming the 11 receiving beam focal points shown in Fig. 3 . The delay time also becomes smaller as the focal point moves away from the transducer array. Thus, forming the 11 receiving beam focal points shown in Fig. 3 is a complex process due to the need for a control for adopting 11 focal laws. It is, however, thought to be important that the delay time seems to be a monotonic function of the distance between the focal point and the transducer array. In attempting to remove the complexity mentioned above, a breakthrough was made. Figure 5 shows a setup in which a receiving beam focal point is formed at a distance of F R from the transducer array. Let us take the relationship between the ultrasound signal received by element i À 12 and that received by element i À 1 as an example. The travel time T iÀ12 of the ultrasound traveling from the focal point to element i À 12 is expressed as
where p is the element pitch and C W is the ultrasound velocity in water. The travel time T iÀ1 of the ultrasound traveling from the focal point to element i À 1 is expressed as
The ratio of the travel time T iÀ12 to the travel time T iÀ1 is written as
As shown in Fig. 6 , the ratio T iÀ12 =T iÀ1 is a monotonic decreasing function of the distance F R . In this calculation, the ultrasound velocity in water is 1500 m/s, the element pitch p is 0.2 mm, and F R is changed from 8 to 13 mm. Assuming that there are multiple sound sources within the range of distance from F RS to F RE from the transducer array on the line FL in Fig. 5 and they emit ultrasound at the same time, the time interval of each ultrasound signal received by element i À 12 would be shorter than that received by element i À 1. It can be said that the ultrasound signal received by element i À 12 is compressed in terms of the receiving timing compared with that received by element i À 1. Inversely, by stretching the time axis of the ultrasound signal received by element i À 12 based on eq. (3), the time interval of each ultrasound signal received by element i À 12 can be made identical to those received by element i À 1. After time-axis stretching the ultrasound signal received by element i À 12 (time-axis stretched ultrasound signal), the ultrasound signal come from the range of distance from F RS to F RE from the transducer array on the line FL (focal range) is extracted from the time-axis stretched signal (hereafter the process referred to as time-axis converting or time-axis 
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Element pitch: p conversion). The extracted signal and the ultrasound signal received from the focal range by element i À 1 can be phased within the focal range. The same goes for elements other than i À 1 and i. By applying the time-axis conversion to every sampled ultrasound signal received by an element other than i À 1 and i, all the ultrasound signals received by elements i À 12 to i þ 11 can be phased. In other words, the phases of all the ultrasound signals can always be adjusted to each other even if the distance F R between the focus and the transducer array changes. This receiving beam can be considered as a needle beam localized within a narrow region centered on the dashed-dotted line. Therefore, one receiving needle beam that has continuous focus along the direction perpendicular to the transducer array can be formed. Figure 7 shows a simplified setup in which a single receiving needle beam is formed and localized within a narrow region along the dashed-dotted line FL by using consecutive 24 elements in the transducer array. The specific operation is as follows. Ultrasound is transmitted from all elements from 1 to N in the transducer array. Ultrasonic reflected signals (echoes) from the test object are received using all elements from 1 to N of the transducer array. The ultrasonic signals received by elements i À 12 to i þ 11 are amplified by the receiving amplifiers and are then converted into digital signals by the A/D converter. The time-axis converters work under instructions (time-axis conversion relationships), which are pre-set by the controller, necessary for fixing the receiving needle beam within the range of distance from F RS to F RE from the transducer array (focal range). As the abovementioned function, the time-axis converters i À 12 to i þ 11 convert the time axes of ultrasound signals received by the elements other than the nearest element(s) to the receiving needle beam and send them to the buffer memories. Signals of the nearest element received from the focal range are sent as they are. The signals temporarily held in the buffer memories i À 12 to i þ 11 are sent to the additive synthesizer for processing. In this way, an ultrasound signal received using the single receiving needle beam formed between the distances F RS and F RE is obtained.
For comparison, the method for inspecting within the range of distance from F RS to F RE from the transducer array on the line FL (focal range) using consecutive 24 elements in the transducer array by use of the volume focusing technique is shown in Fig. 8 . Like the developed method, ultrasound is transmitted from all elements from 1 to N in the transducer array and ultrasonic reflected signals (echoes) from the test object are received using all elements from 1 to N of the transducer array. For inspecting within the focal range, the ultrasonic signals received by elements i À 12 to i þ 11 are amplified by the receiving amplifiers and are then converted into digital signals by the A/D converter. The digitized signals are next stored in the 2-dimentional (2D) waveform memory. The received ultrasound signal using the receiving beam with its focal points set within the focal range is made by using all the received signal data stored in the waveform memory. With every digitized signal received by the nearest element to the line FL, digitized signals received by the elements other than the nearest 
Fig. 8 Setup for volume focus technique.
Parallel Receiving Needle Beam Ultrasonic Testing Techniqueelement are picked up on the basis of the focal law by scanning the waveform memory and then digitized signal received by the nearest element and digitized signals picked up in above-mentioned process are summed up. Thus, the ultrasound signal received by using the receiving beams with their focal points set throughout the focal range is obtained. As it is, however, necessary to scan the 2D waveform memory in order to sequentially shift the focal depth, the process used in the volume focusing technique is pretty time-consuming. In the developed technique, as described above, received ultrasound signals are processed in real time so as to be used for forming the receiving beam. Therefore, there is no need to scan the waveform memory, and the processing speed can be significantly improved. Figure 9 shows a simplified setup in which parallel receiving needle beams are formed. Many receiving needle beams can be formed contiguously at the same time under the transducer array by making use of the single receiving needle beam formation mentioned above. The set of receiving needle beams can be referred to as a receiving needle beam curtain. Let N be the number of elements of the transducer array, and let n be the number of elements used for forming the receiving beams. N À n þ 1 receiving needle beams can be formed in such a case.
Parallel receiving needle beam formation
For the sake of simplicity, the example in Fig. 9 shows the formation of three receiving needle beams using 24 elements (n ¼ 24). The three beams are formed under the intermediate position between elements i À 13 and i þ 10 (along the line FL iÀ1 ), between elements i À 12 and i þ 11 (along the line FL i ), and between elements i À 11 and i þ 12 (along the line FL iþ1 ). In the following description, FL denotes the whole set of the line along which the receiving needle beams are formed, NB iÀ1 denotes the receiving needle beam formed by elements i À 13 to i þ 10, NB i denotes the receiving needle beam formed by elements i À 12 to i þ 11, and NB iþ1 denotes the receiving needle beam formed by elements i À 11 to i þ 12, respectively.
The operations of the transducer array, pulser, receiving amplifier, and A/D converter are the same as those described with reference to Fig. 7 . Since an ultrasound signal received by one element of the transducer array is used for forming 24 receiving needle beams at the same time, it is necessary to hold 24 time-axis-converted signals together in a buffer memory connected to each element. Therefore, each buffer memory is divided into 24 sub-memories BM m j (m ¼ 1; 2; . . . ; 23; 24; j denotes the number given to each receiving needle beam). The number of sub-memories in the buffer memory corresponds to the number of elements that are used for forming one receiving needle beam. The time-axis converter generates 24 time-axis-converted signals from the ultrasound signals received, according to the distance between each element and the position on the line FL along which 24 receiving needle beams are formed, and sends them to the buffer memory. In order to obtain the ultrasound signals received by using the receiving needle beam NB iÀ1 , for example, utilizing the received signals held in the buffer memory, the 24 time-axis-converted signals held in the buffer memories BM
iþ10 are sent to the additive synthesizer for processing. In this way, an ultrasound signal received using the receiving needle beam NB iÀ1 formed between distances F RS and F RE is obtained. Ultrasound signals received using other receiving needle beams can also be obtained using the same process. Figure 10 shows the summary of the parallel receiving needle beam ultrasonic technique, that is, a method for simultaneously inspecting a cross section of a test object using a transducer array. The receiving needle beam means a continuous line of receiving beam focal points. The technique involves transmitting ultrasonic waves from all the ultrasonic transducer elements in the array, receiving reflected waves generated by the transmitted ultrasonic waves using all the ultrasonic transducer elements in the array, converting the received signals into digital waveform signals, converting the time axis of the digitalized received signal of each element, and additively synthesizing the time-axis-converted received signals of each element. The continuous line of receiving beam focal points formed inside the test object essentially means fixing the receiving beam 
Summary of parallel receiving needle beam ultrasonic technique
Receiving needle beams Pulse repetition 10 kHz focal points along the propagation direction at intervals corresponding to the sampling time interval of A/D (analog to digital) conversion. The term ''at the same time'' appearing in ''By additively synthesizing . . . at the same time'' means the time period within a cycle of transmitting and receiving ultrasonic waves.
Developed Measuring System
The appearance of the developed measuring system excluding the test tank is shown in Fig. 11 . A functional diagram of the system is shown in Fig. 12 . The setup of the parallel receiving needle beam unit is the same as the setup shown in Fig. 9 . For ultra-fast parallel signal processing, the unit contains four FPGAs. The throughput of acquired test data in the unit is about 2 GB/s at maximum. Connected to the parallel receiving needle beam unit is a gating and peak detection unit, which detects the amplitude and beam path length of echoes that are received using the receiving needle beams from a test object. Table 1 shows the specifications of the system. The system has a calibration mode and a testing mode. In the calibration mode, all ultrasound waveform data received using the receiving needle beams are sent to the computer and a B-scope is displayed on the screen. In the testing mode, the detected position of the transducer array and the amplitude and beam path length of echoes are synchronously sent to the computer, so that a C-scope is displayed on the screen in real time.
Experimental Results and Discussion
Various tests were made using the developed system. A transducer array with a nominal frequency of 50 MHz and 96 elements arranged at 0.2-mm intervals was used. The transducer array was line-focused in the plane perpendicular to the arrayed direction and the focal length F L was 20 mm. Figure 13 shows the results of receiving beam diameter measurement in water. For reference, measurement using the conventional point-focused beam formation with the same transducer array was made at the same time. The receiving beam diameter D B was measured by using the echoes from a fine metal wire. As shown in Fig. 13 , the wire was detected at an almost unvarying size regardless of the distance x between the transducer array and the wire by the developed system. Figure 14 shows the measurement results of echo heights from side-drilled holes (SDHs) drilled at various distances d from the surface in a 5-mm-thick stainless steel sheet. The focal point of the line-focused beam component was set to a depth of 2.2 mm under the surface of the test object. For reference, measurement using the conventional pointfocused probe (50 MHz, 6 mm in diameter, 12 mm in focal length) was made at the same time. The focal point of the point-focused beam was also set to a depth of 2.2 mm under the surface. The height of echoes from the SDHs varied severely in the test using the point-focused probe. On the contrary, the change in echo height was rather small in the test using the developed system. A feature of special importance in the measurement results using the receiving needle beam is that the height of echoes in the region nearer to the focal point of the line-focused beam component is very high compared with the measurement results using the pointfocused beam. As a result, the developed system demonstrates an extremely long focal zone compared with the conventional point-focused probe, in other words, pointfocused beam formation. Figure 15 shows a C-scan presentation of detected internal flaws. The test object (a 2-mm-thick stainless steel sheet) including internal flaws was scanned linearly at a speed of 1000 mm/s in the transverse direction to the transducer array arrangement. The measuring pitch in the scanning direction was 0.1 mm. The focal zone of the receiving needle beam was set to cover the depth where the internal flaws exist.
For reference, C-scan testing with the conventional pointfocused probe (50 MHz, 6 mm in diameter, 12 mm in focal length) was made at the same time. The point-focused probe was scanned 2-dimentionally and the measuring pitch both in the stroke direction and in the index direction was 0.01 mm and the scan speed of the probe was 300 mm/s at maximum. The focus of the focused beam was set to the internal flaw.
At the scan speed of 1000 mm/s, the developed system very clearly detected ultra-minute internal flaws. Although two C-scan presentations shown in Fig. 15 seems to be different a little because of the difference in the measuring pitch and the method for display, the indications are the same internal flaws. The internal flaws exist in almost the fixed position in the thickness direction. The test of the object that has internal flaws with various positions in the thickness direction is a future task.
The time needed for testing the entire test object (500 Â 200 mm in size) was about 15 s, about 1/500 of the time for the conventional C-scan testing, even if the measuring pitch in the index direction in the C-scan testing was enlarged form 0.01 to 0.1 mm. Also, the time was 1/50 of that for conventional linear electronic scanning using the transducer array. Furthermore, the conventional pointfocused beam forming technique requires more testing time, because the focal position must be changed for testing the entire volume of the test object. Figure 16 shows a micro-optical image of a crosssectioned internal flaw detected by the developed system. Flaws 20 mm in diameter can be detected by the developed system.
It is puzzling that the SDH echo height in the measurement using the receiving needle beam dropped sharply and both results for SDH echo height measurement are similar when the distance between the SDH and the surface exceeds about 2. of ultrasound from the SDH in the plane perpendicular to the arrayed direction where the line-focused beam is formed. When the SDH is positioned in the near-side region to the focal point of the line-focused beam, all the reflected components return to the aperture of the transducer and the difference in the travel time between each component turns out to be insignificant by a brief calculation. However, when the SDH is positioned in the far-side region to the focal point, some components that do not return to the aperture of the transducer are observed. The proportion of reflected ultrasound that does not return to the aperture of the transducer increases as the SDH moves away from the focal point. The sharp drop in SDH echo height is likely explained by the mechanism mentioned above. That is to say, it is believed that the sharp drop in SDH echo height is due to the mismatch between the shape of the SDH and the line-focused beam component. As a result, the effectiveness of the receiving needle beam formation needs to be estimated from the SDH echo height in the near-side region to the focal point of the line-focused beam component. It is concluded that the receiving needle beam formation shows dramatic effectiveness in enhancing the uniformity of detectability along the thickness direction.
In the same way as the mismatch between the shape of the SDH and the line-focused beam, a mismatch between the receiving needle beam and the internal flaw depending upon the shape of the flaw can happen in the plane along the arrayed direction, because the receiving needle beam formation is based on the beam focusing on the spot and the same goes for the conventional beam focusing technique based on the focal law. In order to solve the problem of the mismatch, the shape and the size of the internal flaw to be detected must be taken into account in the design of the focal law.
Conclusions
A new ultrasonic testing technique and system using a transducer array have been developed. The system works as follows:
(1) Ultrasonic waves are transmitted from all the ultrasonic transducer elements in the array at the same time, (2) By summing time-converted signals transformed from reflected wave signals received by all the ultrasonic transducer elements in the array at the same time, lines of a continuously focused receiving beam (needle beam) are closely formed under the transducer array (parallel needle beam). Internal flaws in a cross-section are detected at once using the parallel needle beam.
The results of experiments using a 50-MHz transducer array and the developed system proved that ultra-minute internal flaws 20 mm in diameter can be detected at a scan speed of 1000 mm/s. Plus, the focal zone formed is very long as compared with conventional point-focused beam forming.
It is concluded that the system is suitable for simultaneous testing of a cross-section of a test object at high scanning speed. Also, ultra-minute internal flaws can be detected by using the developed system.
We are presently considering the application of this detection system to internal quality measurement for various products. 
